In rice, a small increase in nighttime temperatures reduces grain yield and quality. How warm nighttime 34 temperatures (WNT) produce these detrimental effects is not well understood, especially in field conditions 35 where the normal day to night temperature fluctuation exceeds the mild increase in nighttime temperature.
INTRODUCTION 50
Global climate models predict with high certainty that mean surface temperatures will increase by 1° to 4°C 51 by 2100 [1] [2] [3] . A breakdown of these temperature trends highlights a more rapid increase in minimum 52 nighttime temperature compared to the maximum daytime temperature at the global 1 , regional 4 , and farm 5,6 53 scales. In contrast to the short duration heat-spikes predicted with the increasing daytime temperatures, the 54 duration of warmer nighttime temperatures (WNT) is expected to increase; impacting important growth 55 and developmental phases of crops 7 . In response to increased daytime temperatures, rice plants employ 56 mechanisms to minimize heat-induced damage such as avoidance through transpiration cooling 8 , escape 57 through early morning flowering 9 , and reproductive resilience 10 . In contrast, there is limited plasticity in 58 domesticated rice plants to overcome the impacts of increasing nighttime temperature 7 . The negative 59 impacts of WNT on rice yield and quality have been documented across controlled environments 11,12 and 60 field conditions 13, 14 , demonstrating the potential to induce substantial economic losses 15 . The limited 61 physiological capacity and the larger spatial scales of the predicted increase in nighttime temperatures 62 compared to location-specific daytime temperature increases 7 suggest that the economic losses under 63 current and future warmer nights pose a severe threat to sustaining global rice production.
64
The physiological responses in rice to high nighttime temperatures include a significant reduction 65 in pollen viability, increased spikelet sterility, and membrane damage leading to yield losses 11,16-18 . 66 However, these investigations imposed temperatures that are significantly higher than future predictions.
67
Thus, a knowledge gap exists between rice responses in controlled chambers and real-world conditions. A 68 series of studies using field-based heat tents demonstrated the difference between chamber and field 69 studies 7,13,19-21 . These field-based studies identify higher night respiration during post-flowering as a critical 70 factor determining yield and quality losses due to high nighttime temperature 20 . Although the relationship 71 between night respiration and sugar metabolism enzymes has been documented, particularly during the 72 grain-filling stage 20 , the mechanistic changes are yet to be investigated.
73
In the field, environmental conditions change dynamically. This variation is not captured by 74 controlled environments and only partially by the field-based heat tents. Previous observations indicate that 75 the environmental variability of natural field conditions plays an essential role in regulating transcriptional 76 responses and contributes to the stability of the circadian clock in rice 22 . Extensive studies in Arabidopsis 77 have demonstrated that plant responses to abiotic stress are dynamic throughout the day 23-38 supporting the 78 need to capture stress responses at multiple time points to provide a comprehensive mechanistic 79 understanding of rice exposed to WNT. Examination of the temporal mechanistic responses to stress in 80 crops under field conditions is generally lacking and is the primary motivation driving our investigations.
81
The circadian clock temporally coordinates the molecular activities with the surrounding 82 environment 39, 40 . The clock is sensitive to subtle changes in the environment to ensure an organism is 'in-83 tune' with the surroundings 41 . WNT may disrupt this environmental coordination. In rice and Arabidopsis, 84 daily rhythms of temperature, also known as thermocycles, entrain the circadian clock and control the 85 rhythmic expression of a portion of the transcriptome [42] [43] [44] . In Arabidopsis, the photoreceptor PHYB 86 connects changes in ambient temperature to the circadian clock [45] [46] [47] To evaluate the molecular changes associated with the observed agronomic changes in plants grown under 118 WNT, samples were collected at multiple time points throughout the day. We performed RNA-Seq on 119 panicles at the 50% flowering stage. A total of 1110 genes were identified as differentially expressed genes 120 (DEGs) between WNT and NNT (adjusted p-value < 0.05 and log fold change > 0.5), corresponding to 6% 121 of the 15,213 reliably detectable genes (Fig. 2 , Supplemental Table 2 ). In response to WNT, 415 genes 122 were upregulated and 695 genes were downregulated ( Fig. 2A and B) . The majority of the 415 DEGs that 123 were upregulated were identified from the daytime samples, while significantly downregulated genes were 124 more often detected in the nighttime. The expression of all detectible genes is available at 125 https://go.ncsu.edu/clockworkviridi_wnt.
126
The time of sampling greatly influences the identification of DEGs. The time point with the most 127 DEGs was 1h before dawn, just before the WNT treatment ceased each day (396 DEGs, time point 128 23h). Only 12 DEGs were identified at dusk, the time point at which the WNT treatment was initiated. Even 129 though the increased temperature was applied only from dusk until dawn, many genes were identified as 130 DEGs in the samples taken during the day, when the conditions were identical between WNT and NNT.
131
An eigengene representing the expression pattern of all genes induced at any time point by WNT highlights 132 that the upregulated genes under WNT tend to show cyclic expression with a peak during the day in NNT.
133
The timing of this peak in expression is altered by WNT ( Table 3 ). In part, this appears to be due to the underlying variation in expression in the control samples. For 138 example, during the morning hours when photosynthetic genes are active, DEGs were enriched for 139 photosynthesis-related activity, while at night no difference in expression was detected, likely due to their 140 low value in control conditions at those time points. Therefore, sampling at only one time point would miss 141 the impacts of WNT on molecular functions not active at that time. In fact, most of the 695 downregulated 142 genes are identified during the nighttime. An eigengene representing the overall downregulated cohort 143 indicates that under NNT, the majority of these transcripts peak just before dawn. In WNT, these genes 144 have an overall lower amplitude of expression and an advance in the phase of peak expression ( Fig. 2D ).
145
Downregulated genes were enriched for protein folding, photosynthesis, and heat stress ( Fig. S4B ).
147

DEGs ARE ENRICHED FOR RYTHMICALLY EXPRESSED AND CIRCADIAN-
148
CONTROLLED GENES
149
The observation that many DEGs show an overall change in the pattern of expression throughout the day 150 (e.g., Fig. 2 ), and our hypothesis that the WNT disrupt the circadian clock, led us to speculate that the 151 rhythmically expressed and circadian-regulated genes may have enhanced sensitivity to WNT. We 152 evaluated if the DEGs in WNT are enriched for rice genes identified as rhythmically expressed in a previous 153 study in controlled conditions by Filichkin et al. 44 . we observed significant overlap between transcripts we 154 identified as DEGs in WNT and genes identified as rhythmic when grown in both photocycles and 155 thermocycles (Fig. 3A) . DEGs in WNT are under-represented for non-cycling genes in photocycles and 156 thermocycles (p-value < 2.93e -30 ). The WNT DEGs were enriched for genes with a peak expression at night, 157 between Zeitgeber times (ZT) 12-21h ( Fig. 3A) . Genes with peak expression at ZT19 (6h after dusk) 158 showed the strongest enrichment for DEGs in WNT, (p-value < 8.55e -5 ). For example, LOC_Os10g41550 159 is beta-amylase with rhythmic expression peaking just before dawn in the chamber-grown Nipponbare rice 160 seedlings ( Fig. 3B ). We observe a similar peak in expression just before dawn in the corresponding gene,
161
MH10t0431700, in our field-grown IR64 panicles in NNT. However, in WNT, the expression pattern is 162 delayed, with a peak expression at dawn in WNT, when expression levels are already decreasing in NNT.
163
The 24h expression pattern of beta-amylase in seedlings grown in photocycles and thermocycles has a 164 higher correlation to NNT (0.95) than WNT (0.62). WNT DEGs are also overrepresented in transcripts 165 rhythmically expressed in seedlings grown in only photocycles ( Fig. 3C ) or thermocycles ( Fig. 3D ).
166
In addition to rhythmic expression in the presence of photocycles or thermocycles, the WNT DEGs 167 were also enriched for circadian-regulated genes with thermocycle-entrained expression. We considered 
180
The enrichment of the WNT DEGs for genes previously identified as rhythmic in diel and circadian 181 conditions suggests that WNT potentially disrupts the overall rhythmic expression of transcripts throughout 182 the day. Therefore, we evaluated the rhythmicity of expression for all 15,213 detectible transcripts, even 183 those not identified as DEG, in NNT and WNT grown samples. All transcripts were categorized as rhythmic or not rhythmic in these diel conditions using JTK cycle 50 (q-value of <6.61e-15, Fig. 4A ). The period 185 of rhythmically expressed genes was similar in both NNT and WNT ( Fig. S5 ).
186
We identified genes that were uniquely rhythmic in either NNT or WNT. Of the 6248 genes that 187 cycled in NNT, 2136 genes lost rhythmicity in WNT (34%, Fig. 4B , Supplemental Table 4 ). The average 188 q-value is 1.57e-16 in NNT; indicating that the genes that are losing rhythmicity in WNT were confidently 189 identified as rhythmic in NNT ( Fig. 4C ). Genes that lost rhythmicity in WNT were enriched for heat 190 response, protein folding, and amino acid metabolism (Supplemental Table 5 ). There were 1673 genes that 191 were rhythmic only in WNT conditions (Supplemental Table 4 ). These genes that gained rhythmicity in 192 WNT were enriched for DNA synthesis and chromatin structure, protein posttranslational modification, 193 amino acid metabolism, cell wall synthesis, secondary metabolism, fatty acid metabolism, and cell cycle 194 (Supplemental Table 5 ).
196
WNT ALTERS THE PATTERN OF EXPRESSION OF GENES CLASSIFIED AS RHYTHMIC
197
IN BOTH CONDITIONS
198
Even for genes that maintain a rhythmic pattern of expression in both NNT and WNT (66%, 4112 genes), 199 the phase of expression may differ between the two conditions. As previously reported for chamber-grown 200 plants, we observe a bimodal distribution of genes with peak primarily at dawn or dusk in NNT conditions 201 ( Fig. 4G ) expression. This shift in peak expression is observed more often in select time points. More than 208 50% of the genes that in NNT peak at Dawn, 10.5h, 12h, 17.5h or 23h, have a shifted peak of expression 209 in WNT. For example, MH03g0450600, a chlorophyll a/b binding protein, peaks in expression in NNT at 210 3.5h after dawn, but is delayed to 7h in WNT ( Fig. 4F ). Functional enrichment of all the genes with a similar 211 delay in peak expression from 3.5h in NNT to 7h in WNT shows that this change in phase affects 212 components of the photosynthetic machinery ( Fig. 4F ). Genes that peak just prior to dawn at 23h show an 213 advance in their peak of expression in WNT. MH07g0175300, also known as OsNramp5, a metal 214 transporter associated with disease resistance, peaks in expression at 17.5h in NNT but at 14h in WNT ( Fig.   215 MH12g0102300 persists into the daytime hours changing the peak timing of expression ( Fig. 4H ). Genes 219 with a similar disruption that delayed peak expression from 23h to Dawn in WNT were enriched for 220 carbohydrate and fatty acid metabolism ( Fig. 4H ).
221
Many of the WNT DEGs showed a shift in their peak phase of expression ( Fig. 4I ). Genes that 222 peaked during the daytime hours in NNT showed a smaller change in the timing of the peak expression 223 compared to genes that peak after dusk in NNT, suggesting that the DEG calls may be due to the change in 224 pattern of expression at night. Genes that peak in NNT after ZT12 showed a stronger effect, consistent with 225 our previous observation of more DEGs post ZT12 ( Fig. 2B ), higher enrichment of rhythmically expressed 226 transcripts in the nighttime period (Fig. 3A) , and more genes that lose cycling after ZT12 (Fig. 4B ).
228
IDENTIFYING REGULATORS OF WNT PERTURBED TARGETS
229
To identify transcriptional regulators of WNT DEGs, we used two approaches in parallel ( Fig. 5A ). First 230 we independently constructed a regulatory network from publicly available transcriptome data (External 231 Data Network 52 ). We constructed a second network only from our time course data (Internal Data Network).
232
For the external data source we selected 555 Nipponbare microarray samples from Nagano et al. 52 
236
Prior to evaluating the impacts of WNT on this network, we first established a confidence threshold 237 for the TF target predictions and validated our network. We analyzed the overlap of the predicted TF targets 238 with experimental Chip-Seq and binding motif data. Since few ChIP-Seq experiments in rice are available, 239 we compared our identified targets with Arabidopsis ChIP-Seq experiments. In Arabidopsis, AtPIF4 240 AtPIF4 55 and AtCCA1 56 Chip-Seq data are available and prior work indicates that these Arabidopsis genes 241 may be the functional orthologs of OsPIF1 and OsLHY respectively 57,58 . We used orthologs identified 242 between the rice variety MH63 and Arabidopsis 59 to perform this cross-species comparison. We examined 243 the enrichment of orthologs of ChIP-Seq targets for both Arabidopsis TFs to the predicted targets for the 244 homologs of these two TFs in our rice network. The 500bp upstream promoter region of the OsPIF1 245 predicted targets is enriched for the cis-regulatory motif CACGTG, which is consistent with the known 246 AtPIF4 binding site (HOMER's binomial cumulative distribution 60 test p-value < 1E -4 ). Additionally, 26 of 247 the 110 predicted targets for OsPIF1 overlapped with the Arabidopsis AtPIF4 ChIP-Seq targets (p-value < 248 0.05). The predicted targets of OsLHY-chr8, were enriched for AAATATCT, which is also consistent with 249 the known evening element binding site for AtCCA1 (HOMER's binomial cumulative distribution 60 test p-250 value < 1E -7 ). We found that 24 out of the 108 predicted targets overlapped with AtCCA1 ChIP-Seq targets 251 (p-value < 0.05). The enrichment of our network for known targets and cis-regulatory motifs even across 252 species, gives us confidence in the targets identified for each TF.
253
We identified the TF regulators whose targets, predicted from this external data set, had disrupted 254 expression under WNT. TFs with targets that were enriched for WNT DEGs were considered regulators of 255 WNT sensitive genes. The targets of 25 TFs were enriched for WNT DEGs (p-value cutoff < 0.01) ( and had significantly increased expression at 30°C. The correlation between PIF1 expression levels and the 312 PIF1 targets predicted using the External Network that are also WNT DEGs is high for both activated 313 targets (r = 0.97) and PIF1 repressed targets (r = -0.98) (Supplemental Table 9 ). In contrast to PIF1, PRR95 314 is only expressed at dusk and is differentially expressed at 26°C, 28°C, and 30°C ( Table 2 ). The targets predicted to be activated by SPL, identified only in the Internal 321 Data Network since it is not on the microarray, are also correlated with SPL expression both in dawn and 322 dusk in the gradient experiment (dawn r= 0.85, dusk r= 0.99, Fig. 7D ). The expression of the TFs predicted 323 to regulate WNT sensitive targets showed > 0.7 absolute correlation value with their predicted targets, even 324 though these targets were derived from a dataset not testing WNT 52 
WNT Alter the Timing of Fundamental Biochemical Processes 341
The term thermoperiodicity describes the differential impacts of day and night temperature changes 342 on plants 70, 71 . Thermoperiodicity and the negative impacts of WNT have been observed in many crops and 343 ornamental species [72] [73] [74] [75] [76] . Mechanisms for why a mild increase in nighttime temperature has such substantial 344 impacts in contrast to a similar increase in daytime temperatures are not fully understood. Photosynthesis, 345 transpiration, and respiration are temperature sensitive processes that contribute to yield. However, only 346 respiration occurs consistently during the day and night. An increase in nighttime respiration has been 347 associated with high nighttime temperatures 16,17,76-81 . Therefore, increases in dark respiration are often 348 considered as the primary mechanism for the observed decrease in yield. However, the increase in 
504
The physiological effects of WNT were measured by comparing rice grown in WNT to NNT. An 505 increase in nighttime temperature in the field was achieved by planting rice inside a ring of ceramic heaters 506 and maintaining a 3°C (actual: 2.36°C, SD ± 0.23) increase in air temperature inside the ring from dusk till 507 dawn relative to ambient conditions (Fig. S1 ). The treatment was started from panicle initiation and 508 persisted through the flower development and grain filling until physiological maturity. Throughout the 509 experimental period the plants inside the WNT ring received the same temperature as the control plants 510 during the daytime periods, but were consistently 2-2.5°C warmer at night (Fig. S1 ). The average diel 511 amplitude in temperature was 9.1°C for NNT plants and was 6.7°C for WNT grown plants. For the entire 512 period of stress imposition, the plants experiencing WNT did not receive a sudden increase in temperature, 513 but rather a reduced decline in temperature (See insert Fig. S1 ).
514
Validation experiments in the temperature gradients were performed in field-based tents with 515 programmed temperature control (for details see 13 ) were used to impose different nighttime temperatures.
516
In brief, plants were exposed to ambient conditions during the day and exposed to target temperatures at 517 night (18:00 -06:00), starting from panicle initiation until physiological maturity. Temperature and relative 518 humidity inside the tents were monitored using HOBO sensors installed above the canopy height 13,14 . Plants 519 were exposed to a total of four different night temperature conditions. Set temperature ranged from 24 -520 30 °C with 2 °C increments. Heaters were used to impose 24, 26, 28, and 30 °C treatments. Two replicate 521 tents were randomly allotted for each of the treatments. were trimmed by 10nts before being aligned. Trimmed files were aligned using tophat v2. Reads were 572 mapped to the indica variety MH63 and mapped the reads to the MH63 reference genome 59,125 . The 573 reference genome and annotation files were obtained from http://rice.hzau.edu.cn/rice 59 . Mismatches 574 allowed was 2, read gap length was 2, library type was set to first-strand, and the rest of the parameters 575 remain as the default. The resulting bam files were then piped to htseq count version 0.6.0. Using the 576 options -f bam, -s reverse,and -m intersection-nonempty counts per gene were generated for the annotated 577 genes in MH63. Each sample had 80% or greater reads mapped. We observed low variability between 578 replicates within both NNT and WNT groups ( Fig. S2 and S3 ).
580
Differential Expression
581
The raw count matrix was used for differential expression analysis with EdgeR version 3.10.5 126 . The genes 582 were first filtered by counts; genes with more than 10 counts in four samples were kept. Normalization 583 factors and dispersion estimates were then done according to the EdgeR pipeline. Differentially expressed 584 genes (DEGs) between plants exposed to WNT or NNT at each time point were identified (Fig. 2) 
587
Filters were applied to remove transcripts with less than 10 counts in less than 4 samples. Using filtered 588 and aligned reads, transcript levels were used to find differentially expressed genes at different times of 
